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Abstract
Toll-like receptors (TLR) are innate immune receptors typically activated by microbial-associated
molecular patterns (MAMPs) during infection or damage-associated molecular patterns (DAMPs)
as a result of tissue injury. Recent findings suggest that TLR2 and TLR4 signaling play important
roles in developmental and adult neuroplasticity, and in learning and memory. In addition,
activation of TLR2 and TLR4 worsens ischemic injury to the heart and brain in animal models of
myocardial infarction and stroke. TLR activation is also implicated in thermoregulation and fever
in response to infection. However, it is not known whether TLRs participate in the regulation of
the sympathetic and/or parasympathetic components of the autonomic nervous system (ANS).
Here we provide evidence that TLR2 and TLR4 influence autonomic regulation of heart rate (HR)
body temperature and energy metabolism in mice. We show that mice lacking TLR2 or TLR4
exhibit reduced basal HR, which results from an increase of parasympathetic tone. In addition,
thermoregulatory responses to stress are altered in TLR2−/− and TLR4−/− mice, and brown fat-
dependent thermoregulation is altered in TLR4−/− mice. Moreover, TLR2−/− and TLR4−/− mice
consume less food and exhibit a greater mass compared to wild type mice. Collectively, our
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findings suggest important roles for TLR2 and TLR4 in the ANS regulation of cardiovascular
function, thermoregulation, and energy metabolism.
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Innate Immunity; Toll-like receptors; TLR2; TLR4; Autonomic nervous system; ANS; heart rate;
stress

Introduction
Toll-like receptors (TLR) comprise a family of 10–12 innate immune receptors in mammals.
TLRs are typically activated during infection by microbial-associated molecular patterns
(MAMPs; to be distinguished from the former term, pathogen associated molecular
patterns, PAMPs, as it is acknowledged now that molecular patterns on non-pathogenic
bacteria also activate TLRs) (Takeda and Akira, 2004). TLRs are also activated by damage-
associated molecular patterns (DAMPs), a set of endogenous TLR ligands released in body
tissues as a result of tissue injury (Yu et al., 2010). TLRs are expressed in a variety of
immune-related cell types, as well as non-immune cells such as intestinal epithelial cells
(Marques and Boneca, 2011), endothelial cells (Garrafa et al., 2011) as well as cells of the
central nervous system (CNS) including microglia, astrocytes, oligodendrocytes and neurons
(Bsibsi et al., 2002; Tang et al., 2008). TLRs and TLR-related signaling are increasingly
implicated in developmental and adult neuroplasticity, including the regulation of neural
progenitor cell proliferation (Lathia et al., 2008; Okun et al., 2010b; Rolls et al., 2007;
Shechter et al., 2008), axonal guidance (Cameron et al., 2007; Ma et al., 2007; Ma et al.,
2006), learning and memory (Okun et al., 2012; Okun et al., 2010a), and metabolism
(Shechter et al., 2013).

Via counterbalancing actions of sympathetic and parasympathetic neurons, the autonomic
nervous system (ANS) regulates body systems critical for many basic functions of the
organism including heart rate (HR), blood pressure, thermoregulatory thermogenesis and
energy metabolism (Cannon and Nedergaard, 2004) in both health and disease. In
thermoregulatory thermogenesis, the parasympathetic innervation of brown adipose tissue
(BAT) only appears in two minor BAT depots, but not in the major interscapular BAT
depot. BAT non-shivering thermogenesis is mostly triggered by the release of
norepinephrine from its sympathetic nerve terminals, stimulating β3-adrenoceptors (Bartness
et al., 2010). Sympathetic control of brown adipose tissue is also essential for the cold
acclimation-recruited norepinephrine-mediated thermogenesis (Cannon and Nedergaard,
2004). Activation of either TLR2 or TLR4 is implicated in thermoregulation and fever in
response to infection (Romanovsky et al., 2006). Activation of members of the TLR family
of receptors explains how secreted products of different microbes can evoke the same
biological response, fever. Fever-inducing substances or pyrogens, such as
Lipopolysaccharides (LPS) and cell wall components of Gram-negative bacteria such as E.
coli, are recognized by TLR4 (Poltorak et al., 1998). Similarly to TLR4 activation, Gram-
positive bacterial MAMPs such as peptidoglycan, lipoteichoic acid, as well as products from
mycobacteria, yeast or fungi that stimulate TLR2 (Akira, 2003) can evoke fever (Hubschle
et al., 2006; Nakagawa et al., 2002). Although much less studied, stimulation of TLR3 using
polyinosine–polycytidylic acid (poly (I:C)), a synthetic analogue of double-stranded RNA
from viruses (Alexopoulou et al., 2001) is also capable of inducing fever (Nakagawa et al.,
2002). Moreover, it is likely that most ligands that activate TLRs are pyrogens. However, it
is not known whether this process is mediated by regulation of the sympathetic and/or
parasympathetic components of the ANS.
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Through its regulation via the parasympathetic/sympathetic controls, HR is an established
indicator for numerous pathological conditions. Increasing autonomic parasympathetic
control of HR is tightly linked to higher survival rates in patients with heart disease (Bigger
et al., 1992). Utilizing rodents for the study of the different controls of HR is an important
step toward understanding the contribution of genes affecting these traits in pathologies
related to the ANS. Heart failure occurs when there is an inability of the heart to pump
enough blood to meet the requirements of the body’s metabolizing tissues. Ischemic
cardiomyopathy and hypertension-induced cardiac hypertrophy are the most common causes
of heart failure (Brown et al., 2005; Gradman and Alfayoumi, 2006). Heart failure is
associated with chronic inflammation (Anker and von Haehling, 2004) and up-regulation of
TLRs in cardiac muscle (Birks et al., 2004; Frantz et al., 1999). TLR2 or TLR4 deficiency,
however, prevents increase in myocyte and cardiac size following pressure overload (Favre
et al., 2007; Ha et al., 2005). The acute activation of TLR signaling may be beneficial in the
short term, but ongoing tissue damage which results in chronic activation of TLRs can lead
to heart failure (Topkara et al., 2011). Both TLR antagonists and agonists have been shown
to be protective in heart failure. Eritoran, a TLR4 inhibitor, has been shown to reduce
cardiac hypertrophy in a mouse model of aortic constriction by inhibiting a TLR4-mediated
inflammatory response (Ehrentraut et al., 2011a; Ehrentraut et al., 2011b). Thus, patients
with pressure overload induced heart failure may benefit from the inhibition of TLR4
signaling. However, the pharmacodynamics of eritoran requires administration by
continuous infusion that would not be practical for the treatment of patients with chronic
heart failure. Heart failure is associated with the activation of the sympathetic nervous
system (Francis, 1989; Meredith et al., 1993) and this association contributes to increased
mortality rates (Eichhorn and Bristow, 1996; Goldsmith, 1999). In addition, cardiovascular
disease may lead to an inflammatory process within the brain and also play a key role in
activation of the sympathetic nervous system (Zhang et al., 2010). Additional evidence link
TLRs to both inflammatory processes and sympathetic control. In a mouse model of
ischemia-induced heart failure, angiotensin II receptors in the brain stem contribute to the
central sympathetic response through TLR4 and MyD88-mediated inflammatory response.
In addition, intra-cerebroventricular infusion of the angiotensin receptor blocker Losartan
reduces both inflammatory and sympathetic responses (Ogawa et al., 2011). Fluvastatin, an
HMG-CoA reductase inhibitor, reduces the inflammatory response in patients with chronic
heart failure with an inhibitory effect on monocyte TLR4-mediated immune response
(Foldes et al., 2008; Navi et al., 2013).

While both the cardio-vascular and thermoregulatory response are attributes of the ANS, and
TLR2 and TLR4 are both intimately linked to a myriad of heart and cardiovascular related
pathologies as well as thermoregulatory alterations following inflammation, the mechanism
that underlies these effects is not clear. We thus asked whether there is a link between TLR
signaling and ANS regulation of HR, thermoregulation, and/or energy metabolism.

Here, we show that: (1) mice lacking TLR2 or TLR4 exhibit reduced HR; (2)
thermoregulatory responses to stress are altered in TLR2−/− and TLR4−/− mice; (3) brown
fat-dependent thermoregulation is altered in TLR4−/− mice; and (4) mice lacking either
TLR2 or TLR4 consume less food and maintain a greater mass compared to WT mice. The
above suggests that TLR2 and TLR4 influence energy intake and metabolism and help
regulate key aspects of the ANS.

Materials and Methods
Animals

Young adult male congenic TLR4−/− mice (B6.B10ScN-Tlr4lps-del/JthJ) (n = 20), TLR2−/−

mice (B6.129-Tlr2tm1Kir/J) (n = 20) and genetically matched background WT mice (B6.B10)
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(n = 20) at identical ages were purchased from Jackson Laboratories (Bar Harbor, ME,
USA). All experiments were completed using mice starting at 2 months old and lasted until
mice were 5 months old. Animal care and experimental procedures followed NIH guidelines
and were approved by the National Institute on Aging Animal Care and Use Committee. The
different experimental paradigms conducted in this study are chronologically depicted in
Scheme 1.

Drugs
The following drugs were used in this study: atropine methyl-nitrate, a blood-brain barrier-
impenetrant competitive antagonist of muscarinic acetylcholine receptor types M1, M2, M3,
M4 and M5 (MP Biomedicals; 2 mg/kg, (Griffioen et al., 2013)); the beta-1 adrenergic
receptor antagonist atenolol a (MP Biomedicals; 2 mg/kg, (Griffioen et al., 2013)); the
beta-3 adrenergic receptor agonist CL316243 (Tocris Bioscience; 1 mg/kg, (Fu et al.,
2008)); and the beta-3 adrenergic receptor antagonist SR59230A hydrochloride (Tocris
Bioscience; 0.5 mg/kg, (Bexis and Docherty, 2009)). All drugs were injected
intraperitoneally, and the maximal injected volume of the drugs was 200 μl, diluted in
phosphate buffered saline.

Telemetry
A telemetry system was used to continuously monitor physiological and behavioral
parameters of mice in their home cages as described previously (Griffioen et al., 2011).
Briefly, a transmitter, TA10ETA-F20 (Data Sciences International, St Paul, MN, USA),
which monitors electrocardiogram (ECG), core body temperature, and general activity, was
surgically implanted in each of the mice. Two biopotential leads were routed subcutaneously
lateral to midline of the chest and secured to chest muscles with silk sutures (Ethicon).
Telemetry data were continuously recorded in 2.5 min bins, every 10 min. A total of 30 mice
(of the 60 mice used in this study) were subjected to telemetry analysis. To this end, mice
(n=10 per group) were implanted with transmitters at 2 months of age and allowed to
recover for a month before beginning recording.

Restraint Stress
Immobilization stress was induced using a 50 ml polypropylene plastic tube, perforated
throughout the length of the tube to allow unhindered breathing. Physiological variables
were recorded for 30 min before the stress session, during the 1 h stress period, and for 1–2
h after the stress. Following the 1 h stress period, mice were immediately returned to their
cages. All stress sessions were performed between 1100 and 1300 h.

Cold Water Swim Stress
Baseline recording was conducted for 30 minutes prior to the swim stress session.
Temperature was maintained at 20°C, and exposure time to cold water was 15 minutes,
during which telemetric measurements were continuously recorded. Following the stress
session, mice were allowed to recover in their home cage, during which telemetric
recordings were continuously acquired.

Plasma corticosterone measurements
To measure baseline corticosterone levels, blood samples were drawn from mice during
their activity time. Blood was gathered using a retro-orbital bleeding technique, using a
heparinized micro-hematocrit capillary tube (Fisher Scientific; Pittsburgh, PA). Blood
samples were then centrifuged at 12,500 rpm for 12 min at 4° and plasma supernatant was
removed and stored at −80°. Plasma corticosterone concentrations were quantified using an
RIA kit (MP Biomedicals; Solon, OH) according to manufacturer’s instructions.
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Metabolic analyses
A Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments,
Columbus, OH) was used to evaluate general animal activity, food consumption, water
intake, O2 consumption, CO2 production, and energy expenditure. Activity (counts) was
measured on both the x and z axis using infrared beams, and the number of beam breaks was
determined during a 48 hour period. Food intake (g) was measured by recording the
difference in the scale measurement of the center feeder from one time point to another. The
accumulated drink volume (ml) was measured using a volumetric drinking monitor, which
detects the lick number and volume consumed. The Respiratory Exchange Ratio (RER) was
also calculated using the ratio of VCO2 to VO2 (which changes depending on the energy
source the animal uses). Energy expenditure was calculated using the gas exchange data
[energy expenditure = (3.815 +1.232 *RER) *VO2] and expressed as kJ/kg/h. When
carbohydrates are the only substrate being oxidized, the RER will be ~1.0, and it will be
~0.7 when only fatty acids are oxidized. The animals were continuously monitored for 48
hours, which included 2 complete light/dark cycles.

NMR analysis
The assessment was acquired by nuclear magnetic resonance (NMR) using the Minispec
LF90 (Bruker Optics, Billerica, MA) and measurements of lean and fat were performed in
whole, live, awake restrained mice.

Data and statistical analysis
Data were analyzed by two-way repeated measures ANOVA with Bonferroni’s post-hoc test
and Student’s t-test for individual comparisons between groups using Prizm 5 (GraphPad
software, Inc., San Diego, CA, USA). Results are expressed as mean ± SE and significance
was set at p < 0.05.

Results
TLR2−/− and TLR4−/− mice have altered autonomic control of HR

It is unknown whether TLRs regulate HR. We therefore determined whether mice lacking
either TLR2 (TLR2−/− mice) or TLR4 (TLR4−/− mice) exhibit altered HR. Mice were
implanted with telemetry transmitters that monitor HR, home cage activity and core body
temperature. Both TLR2−/− and TLR4−/− mice exhibited significantly lower baseline HR in
both light and dark cycles compared to WT mice (light phase: WT: 489±7.2, TLR4:
468±4.9, TLR2: 462±6.3; dark phase: WT: 568±9.4, TLR4: 542±4.9, TLR2: 539±4.5;
F2,27=7.71, P<0.0022, Figure 1A, right panel), suggesting that TLR2 and TLR4 deficiency
contributes to baseline HR. To further determine whether parasympathetic and/or
sympathetic activity to the heart is altered in TLR2−/− and TLR4−/− mice, we measured HR
in the presence of antagonists of parasympathetic cholinergic (atropine) or sympathetic beta-
adrenergic (atenolol) receptors. TLR2−/− but not TLR4−/− mice exhibited a significantly
augmented HR elevation in response to atropine compared to WT mice (TLR2: 172.4±21.2;
WT: 105.7±15.4, P<0.05, t-Test, Figure 1B). This suggests that TLR2−/− mice have
enhanced parasympathetic activity to the heart. Atenolol decreased HR to a similar degree in
WT, TLR2−/− and TLR4−/− mice (−60.9±23.1, −52.7±20.3, −36.07±16.1 respectively,
Figure 1C), suggesting that sympathetic control of HR is unchanged in TLR2−/− and
TLR4−/− mice. The intrinsic HR, determined by ganglionic blockade with hexamethonium
bromide, was not different in TLR2−/− or TLR4−/− mice compared with WT mice
(596±30.4, 572±30.3 and 580±30.2 respectively, Figure 1D), indicating that the observed
differences in basal HR result from altered autonomic activity to the heart, and not the
intrinsic beat rate.
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The effect of acute restraint stress on HR in TLR2−/− and TLR4−/− mice
To test whether TLR2 or TLR4 deficiency also alters HR responses to stress, we exposed
mice to restraint stress. Although TLR2−/− and TLR4−/− mice had a lower basal HR, all
mice exhibited similar elevation in HR during restraint stress (Figure 2A). However, when
normalized to baseline, the change in HR in TLR2−/− and TLR4−/− mice during the stress
period was significantly augmented compared to WT mice (F2,162=12.05, P<0.0001, Figure
2B). This suggests that although TLR2−/− and TLR4−/− mice have lower basal HRs, their
HR during restraint stress reaches a level similar to that of WT mice.

Thermoregulatory responses to stress are altered in TLR2−/− and TLR4−/− mice
To test whether autonomic control of body temperature is altered in TLR2−/− and TLR4−/−
mice, we measured body temperature during a 48-hour period in their home cage and during
and after exposure to stressors. Baseline core body temperature was lower in TLR2−/− mice
compared with TLR4−/− and WT mice during the day (35.73±0.068, 35.79±0.027 and
35.955±0.065 respectively, F2,54=3.6, P=0.0341, Figure 3A) and specifically during the first
third of the light cycle (35.865±0.078, 36.153±0.058 and 36.246±0.062 respectively,
F2,162=7,53, P=0.0007, Figure 3B). However, during restraint stress, TLR2−/− and TLR4−/
− mice exhibit delayed thermoregulation compared with WT mice (F2,162=37.94, P<0.0001,
Figure 3C). Further, when normalized to baseline body temperature, the change in body
temperature during restraint stress was higher in TLR2−/− mice (F2,162=37.94, P<0.0001,
Figure 3D). Further, these effects were not correlated to altered activity levels (Figure 3E).

In mice, heat production predominantly arises from activation of brown fat. We asked
whether the activation of brown fat by the ANS is altered in TLR2−/− and TLR4−/− mice.
To do this, we used antagonists to the receptors responsible for heat production in brown fat
including cholinergic receptors located on the stellate ganglion neurons that innervate brown
fat (atropine), and adrenergic receptors located on brown fat cells (SR59230A). Atropine
treatment resulted in a small and significant increase of body temperature in TLR2−/− and
TLR4−/− but not in WT mice (0.41±0.15°C, 0.39±0.1°C and −0.081±0.17°C respectively,
P=0.004, t-Test, Figure 4A). The latter finding suggested that TLR2 and TLR4 signaling
might enhance parasympathetic stimulation of thermogenesis. Expectedly, attenuating
sympathetic control using atenolol had no effect on core body temperature, as beta-1
adrenergic receptors are not expressed on brown fat (Zhao et al., 1998) (−0.035±0.19°C,
0.015±0.12°C and −0.117±0.12°C in WT, TLR2−/− and TLR4−/− mice respectively, Figure
4B). Activation of beta-3 adrenergic receptors with the agonist CL316243, significantly
increased core body temperature in WT (36.89±0.06 °C vs. 35.6±0.05 °C, P<0.05, t-Test),
TLR2−/− (36.99±0.08 °C vs. 35.59±0.11 °C, t-Test) and TLR4−/− (36.37±0.1 °C vs.
35.71±0.12 °C, t-Test) (Figure 4C, left panel). However, when normalized to baseline, the
change in body temperature was significantly lower in TLR4−/− mice compared with
TLR2−/− or WT mice (0.66±0.14°C, 1.4±0.07°C and 1.29±0.09°C respectively, P=0.003, t-
Test, Figure 4C, right panel). In contrast, antagonism of beta-3 receptors using SR59230A
did not result in a significant change in body temperature compared to baseline temperature
either WT, TLR2−/− or TLR4−/− mice (0.37±0.15°C, 0.16±0.16°C and 0.02±0.12°C
respectively, Figure 4D). Although no effect was observed for SR59230A in these
experiments, it should be noted that the beta-3 adrenergic receptors are also expressed on
tissues other than brown fat and that the specificity of this antagonist has been questioned
(Ootsuka et al., 2011). These results suggest that beta-3 receptor-dependent
thermoregulation by brown adipose tissue is altered in TLR4−/− but not in TLR2−/− mice.

Because we observed alterations in both agonist- and stress-induced thermoregulation in
TLR2−/− and TLR4−/− mice, we next assessed thermoregulation under a stressful condition
that involves a change in temperature. For this experiment, we utilized the cold-swim stress
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paradigm. During a cold swim stress, TLR2−/− and TLR4−/− mice maintain their body
temperature at a higher temperature than WT mice, and their recovery to baseline
temperature occurs faster (F2,1512=32.8, P<0.0001, Figure 5A), and inhibiting beta-3
adrenergic receptors using a beta-3 blocker does not significantly change this effect (Figure
5B). None of these effects was correlated to altered activity levels during cold swim stress or
during recovery (Figure 5C).

Evidence that TLR2 and TLR4 regulate energy metabolism
To understand whether the baseline ANS alterations we observed in mice lacking TLR2 or
TLR4 have functional implications with regards to energy metabolism, we analyzed various
metabolic parameters in TLR2−/−, TLR4−/− and WT mice. TLR2−/−, but not TLR4−/−
mice were less active than WT mice (F1,198=9.78, P<0.0058, Figure 6A). This effect was
due to lower activity during the dark cycle (TLR2: 6.72±0.97; WT: 11.86±1.6, F2,54=4.39,
P=0.0172, Figure 6B), and this was correlated with reduced baseline corticosterone levels in
TLR2−/− mice but not TLR4−/− mice compared with WT mice (TLR2−/−: 37±5.9; WT:
67±11, P=0.0168, T-test, Figure 6C).

Although the body weight of both TLR2−/− and TLR4−/− mice was higher than WT mice
(F2,108=43.57, P<0.0001, Figure 7A), we could not attribute this to higher muscle mass, fat
mass or the ratio between the two parameters (Figure 7B–D). Interestingly, despite having a
higher body weight, both TLR2−/− and TLR4−/− mice exhibited reduced food intake
compared to WT mice (F2,3045=3.87, P=0.0371, Figure 7E), whereas TLR4−/− mice exhibit
a trend towards lower water consumption compared with WT mice (F2,3045=3.27, P=0.0581,
Figure 7F).

As both thermoregulation, activity levels and food intake were altered in TLR2−/− and
TLR4−/− mice compared to WT mice, we next assessed the metabolic status of these mice
using a CLAMS system, which continuously measures O2 consumption, CO2 production,
heat production and total energy expenditure. The Respiratory exchange ratio (RER) was
calculated, and indicates the main source of fuel being metabolized by the mice. An RER of
0.85-0.7 indicates a combination of fatty acids and carbohydrates being metabolized, as
opposed to an RER value of 1 or above which indicates the use of carbohydrates, or an RER
of <0.7, which indicates the use of fatty acids being used as a predominant fuel source.
TLR2−/− mice exhibited a significantly lower RER than WT mice (F2,3045=3.65, P=0.043,
Figure 8A), suggesting that these animals utilized mainly fatty acids instead of
carbohydrates as their major energy source. Additionally, TLR2−/− mice produced
significantly less CO2 than WT and TLR4−/− mice (F2,3045=12.22, P=0.0003, Figure 8B),
even though they consumed similar amounts of O2 (Figure 8C). There was no notable
difference in heat production among the three mouse strains (Figure 8D). The total energy
expenditure was lower in TLR2−/− mice (F2,3045=10.46, P=0.0007, Figure 8E), which is
potentially attributed to their decreased food intake and reduced activity levels.

Discussion
TLRs are best known for their fundamental roles in innate immunity, namely, the identifying
microbes and promoting an efficient immune response towards invading pathogen (Takeda
and Akira, 2004). However, recent findings suggest that mammalian TLRs also possess
developmental roles, as well as physiological and metabolic roles in adults. For example,
TLR5-deficient mice exhibit hyperphagia and develop hallmark features of metabolic
syndrome, including hyperlipidemia, hypertension, insulin resistance and increased
adiposity (Vijay-Kumar et al., 2010). Developmental deficiency or activation of TLRs 3 and
4 have been implicated in altering multiple aspects of cognitive learning and memory (Okun
et al., 2012; Okun et al., 2010a; Okun et al., 2011), and recently TLR2 was implicated in
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regulation of metabolism (Shechter et al., 2013). We therefore hypothesized that a
developmental TLR deficiency may play important roles in additional non-immune aspects
of the nervous system such as the ANS. Herein, we describe novel findings in mice lacking
TLR2 or TLR4 providing evidence that TLRs play important roles in the regulation of
autonomic control of HR, body temperature and energy metabolism under physiological,
non-pathological conditions. Despite a large body of evidence linking TLRs to
cardiovascular pathologies (Hofmann et al., 2011; Vallejo, 2011), it was previously
unknown whether TLR signaling regulate HR. TLR2−/− and TLR4−/− mice exhibit reduced
basal HR during both the dark and light cycles, suggesting that TLR2 and TLR4 expression
promotes an elevated HR in a circadian cycle-independent manner. Consistent with the latter
possibility, atropine treatment resulted in a greater elevation of HR in TLR2−/− but not
TLR4−/− mice, which indicates a reduced parasympathetic tone in these mice. While a
stronger parasympathetic tone in TLR2−/− mice certainly contributes to the reduced HR
levels in these mice, it is possible also that the reduced activity levels during night cycle
contributes to the lower HR levels in TLR2−/− mice. The lower daytime HR levels, cannot
be explained in a similar way, as activity levels during day time are similar between the
different TLR strains and WT mice. A possible mechanism for the lower activity of TLR2−/
− mice during the night cycle could be the lower levels of circulating corticosterone in these
mice.

Although the HRs of TLR2−/− and TLR4−/− mice were reduced throughout the circadian
cycle under non-stress home cage conditions, the maximum HRs of these TLR mutant mice
attained during restraint stress were essentially identical to the maximum stress-induced HR
of WT mice. The higher change in HR during stress (stress-induced HR normalized to
baseline HR), suggests a greater dynamic control of HR in mice lacking TLR2 or TLR4. By
suppressing parasympathetic activity, TLR2 and to a lesser extent, TLR4 signaling may
therefore increase cardiovascular risk. Indeed, it was recently reported that TLR2−/− mice
are less likely to suffer a fatal arrhythmia in an experimental model of myocardial infarction
(Mersmann et al., 2010). Moreover, TLR4 signaling contributes to an elevated blood
pressure in spontaneously hypertensive rats (Bomfim et al., 2012), which may result from
TLR4-mediated reduction in parasympathetic tone. An alternative explanation, however, is
that perhaps TLR signaling is adaptive in times of stress and restricts HR and body
temperature elevation.

Beta-3 receptors are expressed in brown adipose tissue cells where their activation
stimulates thermogenesis and lipolysis (Chartoumpekis et al., 2011). Under non-stressful
conditions, there were no discernible differences in body temperature among TLR2−/− or
TLR4−/− mice and WT mice during the light or dark cycles of the day. However, TLR2−/−
mice exhibited greater elevations of body temperature during restraint stress compared to
wild type mice. It is surprising that a lack of TLR signaling resulted in a greater increase in
body temperature considering that typical TLR activation by microbial-derived ligands such
as LPS in the case of TLR4 or peptidoglycan in the case of TLR2, causes a pyrogenic fever
response which increases temperature. However, MAMPs-derived activation of TLR2 and
TLR4 is thought to activate signaling pathways different from those that are active following
DAMPs-derived TLR activation (Okun et al., 2011).

Interestingly, atropine had no significant effect on body temperature in wild type mice, but
increased body temperature in TLR2−/− and TLR4−/− mice. The latter finding might be
explained by increased parasympathetic activity in mice lacking TLR2 or TLR4, and is
consistent with the HR data suggesting that TLR2 and TLR4 signaling reduce
parasympathetic activity. The magnitude of the elevation of body temperature in response to
activation of noradrenergic receptors was significantly attenuated in TLR4−/− mice,
suggesting that TLR4 signaling mediates, in part, the thermogenic response to sympathetic
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neuron activation. Restoration of body temperature after swimming in cold was faster in
TLR2−/− and TLR4−/− mice compared to WT mice, suggesting that TLR2 and TLR4
signaling can exacerbate hyperthermia under conditions where heat generation by brown fat
cells is inhibited.

Compared to WT mice, TLR2−/− and TLR4−/− mice maintained higher body weights. The
higher body weight in TLR2−/− and TLR4−/− mice appear at odds with their reduced food
and water intake compared to WT mice, and suggest that TLR2−/− and TLR4−/− mice are
more efficient at utilizing nutrients. The reason for this is unclear, but at least in TLR2−/−
mice, this could be due to a better utilization of both carbohydrates and fat sources
compared to WT mice, as indicated by a lower RER. While the mechanism for this is
unclear, it is possible that alterations in gut microbiota in TLR2−/− and TLR4−/− mice
compared with WT mice, which have been reported previously (Caricilli et al., 2011; Ubeda
et al., 2012) play a role in this selectivity toward higher carbohydrate utilization.

Considering the lower daily food intake by TLR2−/− and TLR4−/− mice, it is possible that
the alterations in HR in TLR2−/− and TLR4−/− mice might simply be due to the lower daily
food intake of these mice, compared to WT mice. Further experiments are warranted to
specifically clarify this issue. Moreover, Because TLR2−/− and TLR4−/− mice lack TLR
expression throughout development, it is possible that certain aspects of the ANS are
modulated by TLR2 and TLR4 during embryonic development or prior to weaning. Thus, it
will be important to determine in subsequent studies, what is the relative contributions of
developmental effects and altered function to ANS-related phenotypes of these mice
documented in the present study. Of high relevance, a recent study (Shechter et al., 2013)
assessed age-induced obesity in TLR2 deficient mice. Shechter and colleagues suggest that
hypothalamic TLR2 serves as an endogenous protective mechanism designed to maintain
energy homeostasis and to compensate for metabolic alterations. While our study
strengthens this understanding, certain inconsistencies remain, such as the lower food
consumption by TLR2−/− mice in our study compared to a higher food consumption
indicated in the study by Shecther et al. The different observation reported by the different
studies that show roles for TLR2 in regulation of metabolism probably stem from altered gut
microbiota, itself a factor determined by diet composition, housing conditions and genetic
background. Although relatively complicated and expensive to address, understanding the
complex interplay between gut microbiota, TLR2 expression and the regulation of
metabolism is of essence in order to understand the exact role of TLR2 in particular and
TLRs in general in regulating metabolism.

To the best of our knowledge, no experimental data exists on the effects of SNPs in either
TLR2 or TLR4 on the ANS in humans. Thus, the current study indicates the possibility that
SNPs in TLR2 or TLR4 may affect properties of ANS regulation, such as HR or
metabolism. Emerging evidence indicate that TLR signaling plays roles in both the
development and adult function of the CNS. For example, TLR2 (Okun et al., 2010b) and
TLR3 (Lathia et al., 2008) inhibit the proliferation of neural progenitor cells in the
developing brain, TLR2 and TLR4 differentially regulate adult hippocampal neurogenesis
(Rolls et al., 2007), and TLR3 signaling negatively regulates memory retention in adult mice
(Okun et al., 2010a). In addition, a recent study in which WT and TLR4−/− mice were
subjected to a battery of behavioral tests provided evidence that TLR4 signaling can
influence brain development. In this study, TLR4 affected spatial reference memory
acquisition and memory retention, and motor performance, whereas acute TLR4 signaling in
the brain modifies anxiety-related behaviors (Okun et al., 2012). The signaling pathways by
which TLRs affect neuronal plasticity remain to be established, but may involve regulation
of the activities of transcription factors such as cyclic AMP response element-binding
protein and nuclear factor kappa b (Okun et al., 2012; Okun et al., 2010a; Wu et al., 2012).
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Our findings suggesting novel roles for TLR2 and TLR4 in regulating the ANS, pave the
way for further studies aimed at elucidating the underlying cellular and molecular
mechanisms. Specifically, we hypothesize that activating/antagonizing the parasympathetic
branch of the ANS in mice deficient in TLRs such as TLR2 and TLR4 may have a
detrimental/beneficial effect on mice under stress. Further, understanding whether SNPs in
TLR2 and TLR4 have implications on autonomic properties of the CNS may help medically
assess whether individuals with such SNPs are more prone to sympathetic/parasympathetic
regulation impairments, narrowing down the possible mechanism(s) responsible for the
impairments in these patients.
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Figure 1. Mice lacking TLR2 or TLR4 exhibit a reduced resting heart rate: evidence that TLR2
and TLR4 signaling reduce parasympathetic tone
(A) Left panel: Baseline HR of TLR2−/−, TLR4−/− mice and their respective WT mice
were measured in mice implanted with transmitters and HR was recorded during 2
consecutive days. Right panel: average baseline HR from both light and dark cycles during 2
consecutive days. (B) Atropine sulfate was injected intraperitonealy to mice and HR was
measured for 1 hour, during which TLR2−/− mice exhibited increased change in HR. (C)
Atenolol was injected intraperitonealy to mice and HR was measured for 1 hour, during
which no significant change in HR was noted. (D) Hexamethonium was injected
intraperitonealy to mice and HR was measured for 1 hour, during which all mouse strains
exhibited similar intrinsic HR.
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Figure 2. Evidence for subtle effects of TLR2 and TLR4 signaling on the cardiovascular
response to acute restraint stress
TLR2−/−, TLR4−/− and their respective WT mice, were implanted with transmitters, and
subsequently subjected to a 30-minute restraint stress. (A) HR was measured prior, during
and following stress. (B) Change in HR compared to baseline HR.
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Figure 3. TLR2−/− and TLR4−/− mice exhibit altered thermoregulation during acute restraint
stress
TLR2−/−, TLR4−/− and their respective WT mice were implanted with transmitters and
core body temperature and activity were recorded during 2 consecutive days (A) Total
averages of baseline core body temperature in the light and dark cycles (B) Core body
temperature during light (5am–9am, 9am–1pm and 1pm–5pm) and dark cycles (5pm–9pm,
9pm–1am and 1am–5am) (C) baseline core body temperature was recorded prior, during and
after acute restraint stress (D) change in temperature compared with baseline temperature
(D) activity levels prior to, during and after restraint stress.
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Figure 4. Evidence for differential effects of developmental deficiency in TLR2 and TLR4 on
thermoregulation
(A) TLR2−/−, TLR4−/− and WT mice were implanted with transmitters and core body
temperature was recorded prior to and after mice were injected intraperitoneally with (A)
atropine methyl nitrate, (B) Atenolol, (C) CL316243 or (D) SR59230A.
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Figure 5. TLR2 and TLR4 influence body temperature responses to cold water swim stress;
effect of a beta-3 receptor antagonist
(A) TLR2−/−, TLR4−/− and WT mice implanted with transmitters and were recorded for
core body temperature prior to, during and after exposure to cold swim stress (B) with a
beta-3 antagonist. (C) Activity levels prior to, during and after cold swim stress.
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Figure 6. TLR2 deficiency reduces activity levels during the dark cycle; Correlation with resting
circulating corticosterone levels
Mice implanted with transmitters were recorded during 2 consecutive dark/light cycles for
activity in their home cage. (A) TLR2−/− and TLR4−/− mice exhibited reduced activity
levels (B) average activity levels during all 48 hours shown that TLR2−/− mice are less
active than TLR4−/− or WT mice during the night cycle (C) resting baseline circulating
corticosterone levels in TLR2−/−, TLR4−/− and WT mice during the night cycle. * P<0.05.
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Figure 7. Deficiency for TLR2 and TLR4 affect food and water consumption while not affecting
muscle or fat mass
(A) TLR2−/−, TLR4−/− and WT mice were monitored for body weight during the study.
Mice were subjected to NMR spectrometry analysis of body composition, and measured for
muscles content, fat content and fat:muscle ratio. Both TLR2−/− mice and TLR4−/− mice
show no difference in (B) muscle mass (C) fat mass or (D) muscle:fat ratio. TLR2−/−,
TLR4−/− and WT mice were placed in metabolic cages and continuous monitoring of
feeding behavior during 48 hours was conducted. Cumulative (E) food and (F) water intake
were recorded. TLR2−/− mice and TLR4−/− mice exhibited reduced eating and drinking
compared with WT mice. * P<0.05.
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Figure 8. Evidence that developmental TLR2 and TLR4 deficiency affects energy metabolism
TLR2−/− mice, TLR4−/− mice and WT mice (n=10 per group) were individually placed in
metabolic cages and analyzed during 48 hours for (A) Respiratory exchange ratio (RER) (B)
Cumulative CO2 production. TLR2−/− mice exhibited reduced CO2 production compared
with WT mice. (C) Cumulative O2 consumption (D) Heat production. (E) Energy
expenditure. TLR2−/− mice exhibited reduced energy expenditure compared with WT
control mice. * P<0.05.
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Scheme 1.
Chronological indication of the different experimental paradigms conducted in this study.
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